Abstract. Upregulation of programmed death 1 ligand 1 (PD-L1) in cancer cells and its ligation to PD-1 on T cells facilitates cancer cell escape from immune surveillance. Therapies with PD-1 or PD-L1 antibodies have resulted in marked clinical responses in various cancer types. Hence, modulators that inhibit PD-L1 expression in cancer cells may serve as a novel strategy by which to enhance host immune responses. In the present study, we investigated the effects of miR-375 on PD-L1 expression in head and neck squamous cell carcinoma (HNSCC) cells by qRT-PCR and western blot analyses. We confirmed that miR-375 inhibited IFN-γ-induced PD-L1 surface expression in HNSCC cells, and we observed that Janus kinase 2 (JAK2) is a bona fide target of miR-375 and further activated signal transducer and activator of transcription 1 (STAT1). Additionally, miR-375-mediated inhibition of PD-L1 expression was dependent on the JAK2/STAT1 pathway. Therefore, by attenuating PD-1/PD-L1 signaling, miR-375 may also serve as a modulator to increase the cell immune responses to HNSCC.
Introduction
Immunotherapy has shown excellent promise for various types of cancers (1) . The most promising approach to activate or enhance antitumor immunotherapy is the blockade of immune checkpoints. Immune checkpoint therapy was first exploited with the success of anti-cytotoxic T lymphocyte antigen-4 (CTLA-4) in clinical treatment (2) . Another immune checkpoint therapy includes antibodies against programmed death 1 (PD-1) or its ligand PD-L1 (3) , and this immunotherapy has been confirmed effective for head and neck squamous cell carcinoma (HNSCC) treatment (4) . However, most patients do not respond to anti-PD1 therapy or develop immunoresistance. Therefore, there is an urgent need to identify new modulators that can prevent immunoresistance or enhance immunotherapy.
miRNAs are a type of 18-24 nucleotide non-coding RNAs with the ability to regulate messenger RNA (mRNA) expression via binding to 3' untranslated regions (UTRs) (5) . Previous studies have indicated that miRNAs play critical roles in tumor proliferation, metastasis and many other processes (6) . However, the roles and the related mechanisms of miRNAs in HNSCC immunotherapy have not been well elucidated.
Previous study has shown that interferon-γ (IFN-γ) is a major CD4 + T cell effector cytokine and is prerequisite to constitutive PD-L1 expression (7) . Thus, inhibition of IFN-γ signaling downregulates PD-L1 expression and increases tumor lysis (8) . IFN-γ secretion from natural killer (NK) cells activates the JAK2/STAT1 pathway and further increases PD-L1 expression (8) . Blockade of the JAK pathway could be a potential method to act synergistically with other immune therapies (9) . Notably, bioinformatics assay indicated that JAK2 is a potential target of miR-375 which is downregulated in HNSCC. Additionally, miR-375 inhibits the metastasis of colorectal cancer via targeting SP1 (10) . miR-375 was found to suppress metastasis by directly targeting SHOX2 in esophageal squamous cell carcinoma (11) . Although it has been previously reported that JAK2 is a target of miR-375 in gastric cancer (6, 12) , the roles of miR-375/JAK2 signaling in HNSCC immunotherapy remain unclear.
In the present study, we hypothesized that miR-375 inhibits STAT1-dependent PD-L1 expression induced by IFN-γ exposure in HNSCC cells, and we assessed the roles of JAK2/STAT1 signaling in this process. We provide evidence that miR-375-mediated inhibition of IFN-γ-induced PD-L1 expression in HNSCC cells may allow T cells to create an antitumor immune environment.
purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). HNSCC cell lines were maintained in Dulbecco's minimum essential medium (DMEM), and Jurkat T leukemia cells were maintained in RPMI-1640 medium, supplemented with 10% fetal bovine serum (FBS) (all from Gibco, Grand Island, NY, USA), 100 U/ml penicillin and 100 µg/ml streptomycin in a humidified atmosphere with 5% CO 2 at 37˚C. Paired mRNA profiling data were downloaded from the TCGA, The Cancer Genome Atlas (TCGA) data portal (http://cancergenome.nih.gov). The dataset from the Tumor Head Neck Squanmous Cell Carcinoma-TCGA-520-rsem-tcgars (http://hgserver1.amc.nl/cgi-bin/r2/main. cgi), which includes 520 HNSCC samples, was obtained as a validation set. The R2 platform was used to analyze the microarray (http://r2.amc.nl).
Reagents. miR-375 mimics/inhibitor and the related negative control (NC) were synthesized by GenePharma, Inc. (Shanghai, China). Recombinant human IFN-γ (cat. no. 300-02) was purchased from PeproTech (Rocky Hill, NJ, USA). Phycoerythrin (PE)-conjugated anti-human PD-L1 Ab (cat. no. 560795; dilution rate, 1:5,000) and PE-conjugated anti-human PD-1 Ab (cat. no. 561272; dilution rate, 1:5,000) were purchased from BD Biosciences (San Jose, CA, USA).
Cell viability assay. Cells with different treatment were seeded into 96-well plates at 3x10 3 cells/well and incubated at 37˚C for 24, 48 and 72 h, respectively. The cell viability was measured using a Cell Counting Kit-8 assay (cat. no. C0037; Beyotime, Nanjing, China) following the manufacturer's protocol.
Flow cytometric assay. Hep-2 and FaDu cells were seeded into 6-well plates at 2x10 5 or 4x10 5 cells/well overnight, respectively. Cells were added with 10 ng/ml IFN-γ, and then transfected with miR-375 mimics (50 nM) and the related NC (50 nM) by Lipofectamine 2000 (Thermo Fisher Scientific, Inc., Waltham, MA, USA) for 48 h. Then, the cells were washed with ice-cold PBS and re-suspended in flow cytometry buffer (0.2% NaN 3 and 1% BSA in PBS). Jurkat cells in fully supplemented RPMI-1640 medium were also maintained as suspension cultures. Furthermore, the cells were stained with 0.5 µg of the desired fluorophore-conjugated Ab or isotype control for 30 min in the dark at 4˚C, then washed twice with flow cytometry buffer and fixed in 1% paraformaldehyde. Fluorescence data were acquired using a FACSCalibur flow cytometer and BD CellQuest™ software (BD Biosciences). Counts/sample (2x10 4 ) were analyzed for all fluorescence experiments using FCS Express software (De Novo Software, Glendale, CA, USA).
T cells and HNSCC cell co-cultures.
After 24 h of transfection with miR-375 mimics (50 nM) using Lipofectamine 2000 and/or IFN-γ (10 ng/ml), HNSCC cells were collected, washed and re-suspended in fully supplemented DMEM, and further seeded into 24-well plates at 2x10 5 or 40x10 5 cells/well for 6 h to allow attachment. Jurkat T leukemia cells stained with Oregon Green 488 dye were added to HNSCC cell monolayers at 5x10 4 cells/well. The resulting co-cultures were maintained for another 72 h. Then, the supernatants were centrifuged and collected for examination of IL-2. The proliferation of Jurkat T cells was analyzed by flow cytometry. The number of cell divisions was calculated using the formula: Mean fluorescence intensity (MFI) control = 2 n x MFI sample , where MFI control is the MFI of the non-proliferative control and n is the number of cell divisions (9) . Cell divisions were normalized to the medium control.
Cytokine measurement. IL-2 level was measured in cell supernatants from T cells and HNSCC cell co-cultures using IL-2-specific ELISA kit from Boster (EK0397; Wuhan, China) according to the manufacturer's instructions.
RNA immune co-precipitation (RIP) assay. The procedure for RIP assay was performed as previously described (13) . RNA in the IP materials was measured by qRT-PCR.
Plasmid construction and transfection. JAK2 coding sequences were inserted into the pcDNA3.1 (+) plasmid, named as JAK2-CDS. Cells were seeded into 6-well plates at a density of 2.5x10 5 cells/well. Fifty nanomoles of miRNA mimics or NC, and JAK2-CDS were transfected into the cells using Lipofectamine 2000 reagent according to the manufacturer's instructions.
Quantitative real-time PCR (qRT-PCR).
Total RNA was extracted from cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. cDNA was reverse transcribed with M-MLV transcriptase (Promega, Madison, WI, USA). qRT-PCR was performed on the ABI StepOnePlus Real-Time PCR system [Applied Biosystems (ABI,) Foster City, CA, USA USA] using SYBR-Green PCR kit (Takara, Japan). U6 and GAPDH were used as the internal controls for miRNA and mRNA expression, respectively. The primers of JAK2 for qRT-PCR are listed below: forward, 5'-CTG CAG GAA GGA GAG AGG AAG AGG A-3' and reverse, 5'-GAA TGT TAT TGG CAG TCA G-3'. Relative quantification was calculated using the 2 -ΔΔCt method.
Western blotting. Cells were lysed with radioimmunoprecipitation assay (RIPA) lysis buffer containing protease and phosphatase inhibitors. The concentration of protein was quantified by BCA (bicinchoninic acid) protein assay kit (Beyotime). Equal amount of protein was loaded onto 10% SDS-PAGE, followed by wet transferring to polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% non-fat milk at room temperature for 1 h, and then incubated with primary antibodies at 4˚C overnight. The membranes were subsequently blotted with HRP-conjugated secondary antibodies and developed with the ECL detection system (Thermo Fisher Scientific, Inc.).
Luciferase reporter analysis. For the luciferase assay, the full length of JAK2 3'UTR containing the wild-type or the mutant binding sites for miRNA-375 was cloned into the pMIR-Report vector downstream of the luciferase reporter gene, which was denoted as Luc-JAK2-3'UTR-WT and Luc-JAK2-3'UTR-MUT, respectively. These constructs were co-transfected with miR-375 mimics or NC in HNSCC cells using Lipofectamine 2000. Luminescent signals were measured 48 h later by luminometer (Thermo Fisher Scientific, Inc.). β-gal was used to normalize the luciferase activity.
Statistical analysis. Data are presented as the mean ± standard deviation (SD). The differences between the groups were analyzed using ANOVA with the Tukey-Kramer post test, and P<0.05 was considered to indicate a statistically significant result.
Results

miR-375 inhibits IFN-γ-induced PD-L1 expression in HNSCC cells.
Consistent with previous studies (7,8), we found that IFN-γ-treated Hep-2 and FaDu cells showed a time-dependent increase in PD-L1 expression (Fig. 1A-D) . However, this effect was attenuated following co-transfection with miR-375. The transfection efficiency of miR-375 mimics was confirmed by qRT-PCR, and the result indicated that transfection with miR-375 mimics significantly upregulated miR-375 level in Hep-2 and FaDu cells (Fig. 1E) . Notably, miR-375 reduced both the percentage of PD-L1-expressing HNSCC cells and the amount of PD-L1 expressed in individual HNSCC cells ( Fig. 2A and B) . 
miR-375 inhibits IFN-γ-induced STAT1 activation.
Previous research has shown that IFN-γ induction activates JAK1 and JAK2, further leading to the phosphorylation of STAT1 (8) . We found this to be the case in HNSCC cells. Treatment of HNSCC cells with 10 ng/ml IFN-γ caused STAT1 phosphorylation (Fig. 3) at different time points. Additionally, transfection with miR-375 mimics before IFN-γ treatment decreased the STAT1 phosphorylation level (Fig. 3) , indicating that ablation of STAT1 phosphorylation is necessary for the inhibitory effects of miR-375 on IFN-γ-induced PD-L1 expression. 
JAK2 is a bona fide target of miR-375 in HNSCC cells.
Since JAK2 has been identified as a potential target of miR-375 in gastric tumor and myeloid-derived suppressor cells (6,12,13), we speculated that miR-375/JAK2 signaling also exists in HNSCC cells. As shown in Fig. 4A , co-transfection with miR-375 mimics and the Luc-JAK2-3'UTR-WT construct significantly reduced the luciferase activity; whereas the luciferase activity of Luc-JAK2-3'UTR-MUT was unaffected by miR-375 transfection. Additionally, western blot results showed that upregulation of miR-375 markedly decreased JAK2 protein expression in Hep-2 and FaDu cells, while transfection with miR-375 inhibitor increased JAK2 protein expression (Fig. 4B) . However, no significant difference was observed at the JAK2 mRNA level (Fig. 4C) , indicating that miR-375 regulates JAK2 expression at the post-transcriptional level. To further confirm the direct binding between miR-375 and JAK2 3'UTR in HNSCC cells, JAK2 3'UTR was introduced into HNSCC cells by Luc-JAK2-3'UTR-WT transfection, and RIP assay was performed to detect the bound miRNAs in the Ago2-binding complex. As shown in Fig. 4D , the miR-375 level which bound to Ago2 was increased in the Luc-JAK2-3'UTR-WT-introduced cells. Consequently, we demonstrated that JAK2 is a direct target of miR-375 in HNSCC cells.
miR-375 inhibits IFN-γ-induced STAT1 activation in a JAK2-dependent manner.
To further confirm the essential role of JAK2 in miR-375-mediated inhibition on IFN-γ-induced STAT1 activation. JAK2 was overexpressed in Hep-2 and FaDu cells by transfection with JAK2-CDS. The transfection efficiency of JAK-CDS was confirmed by western blot analysis (Fig. 5A) . Overexpression of JAK2 significantly upregulated the phosphorylation level of STAT1. Additionally, co-transfection with JAK2-CDS and miR-375 reversed the inhibitory effects of miR-375 on IFN-γ-induced STAT1 activation (Fig. 5B) and PD-L1 expression (Fig. 6A-D) . Moreover, knockdown of JAK2 also reduced IFN-γ-induced PD-L1 expression (Fig. 6E-H) . Importantly, by analyzing the mRNA expression in the mRNA microarrays from TCGA, we confirmed that the levels of JAK2 and PD-L1 were positively correlated (P= 4.0e-84) in HNSCC patients (Fig. 6I) . All together, these results indicate that JAK2/STAT1 signaling by miR-375 participates in IFN-γ-induced STAT1 activation and thus suppresses PD-L1 expression.
Upregulation of miR-375 contributes to increased T cell proliferation in HNSCC co-cultures.
Having shown that miR-375 inhibited IFN-γ-induced STAT1 activation and thus decreased PD-L1 expression, we sought to investigate the potential relevance of this phenotype with T cell proliferation. We co-cultured Oregon Green 488-stained Jurkat T cells with Hep-2 and FaDu cells that were previously treated with 10 ng/ml IFN-γ in the absence or presence of miR-375 overexpression. After 72 h of co-culture, T cell proliferation was tested by flow cytometry. Fig. 7A showed that T cell proliferation, characterized as decreased MFI, was reduced in the presence of IFN-γ-treated Hep-2 and FaDu cells, and this effect was presumably caused by the inhibition of PD-1/PD-L1 interaction. Most importantly, T cell proliferation was reversed to the control level in co-cultures of Hep-2 and FaDu cells with miR-375 introduction after IFN-γ treatment. In addition, introduction of JAK2-CDS in HNSCC cells reversed the miR-375-mediated effects. Furthermore, IL-2 concentration secreted by Jurkat T cells was upregulated in the co-cultures when HNSCC cells were treated with miR-375 plus IFN-γ compared with the co-cultures of HNSCC cells with IFN-γ treatment only (Fig. 7B) ; this result was reversed by JAK2 overexpression. Collectively, our findings demonstrate that the inhibitory effects of miR-375 on IFN-γ-induced expression of PD-L1 in HNSCC cells is associated with increased T cell responses in co-cultures and dependent on JAK2 expression.
Discussion
Low-level expression of miR-375 has been shown to be correlated with poor outcome and metastasis while altering the invasive properties of head and neck squamous cell carcinomas (14) . Additionally, miRNA-375 suppresses extracellular matrix degradation and invadopodial activity via regulating oncogene AEG-1/MTDH in HNSCC (15, 16) . However, the immune regulatory roles and the related mechanisms of miR-375 in HNSCC have not been defined, and the mechanisms that underlie IFN-γ-induced expression of PD-L1 have not been clearly elucidated.
miR-375 has been extensively explored for its inhibitory effects on tumor development (6, 10, 11) . However, to the best of our knowledge, the present study is the first to provide evidence of a potential role of miR-375 in improving a T cell-mediated antitumor immune response against HNSCC cells by modulating IFN-γ-induced expression of PD-L1, which is validated as a promising target for immunotherapy in HNSCC treatment (4, 17) . We indicated here that miR-375 inhibited IFN-γ-induced PD-L1 expression via targeting JAK2 and thus inactivating JAK2/STAT1 signaling This means that miR-375 inhibits PD-1/PD-L1-mediated immune escape in HNSCC patients whose tumor-associated PD-L1 expression is elevated due to IFN-γ inductive effects or JAK2/STAT1-mediated pro-inflammatory cytokines, such as IL-2 in the tumor microenvironment.
Specifically, although JAK2 phosphorylated STAT1 at Tyr701 and Ser727 residues, phosphorylation of STAT1 at the Tyr701 residue is independent of Ser727 phosphorylation (18) . In addition, the rapid phosphorylation of STAT1 (pY701), but not activation of other STATs is the main mediator of IFN-γ induction and suppresses tumor cell susceptibility to NK cells through upregulation of PD-L1 (8) . Our results showed that treating HNSCC cells with miR-375 caused a significant and early decrease in IFN-γ-induced phosphorylation of STAT1 at Tyr701. However, miR-375 still could decrease the phosphorylation level of STAT1 (pS727), and this could be due to miR-375-mediated inactivation of JAK2 which could phosphorylate STAT1 at Tyr701 and Ser727 residues. More importantly, the inhibitory effect of miR-375 on STAT1 phosphorylation was not due to the decreased expression of the IFN-γ receptor on HNSCC cells (Fig. 8A and B) . Rather, since our results indicate that miR-375 directly targets JAK2, it follows that miR-375 can affect JAK2-dependent PD-L1 expression induced by IFN-γ treatment of HNSCC cells. As PD-L1 upregulation is a common immune escape of tumor cells (19) , and higher PD-L1 expression in tumor patients predicates a poor prognosis in various cancers, including HNSCC (20) . Previous study has shown that PD-L1/PD-1 interaction contributes to the functional suppression of T-cell responses characterized as impaired IL-2 production by Jurkat T cells (21) . Indeed, our results showed that the inhibitory effect of miR-375 on IFN-γ-induced PD-L1 expression by HNSCC cells was associated with increased proliferation and IL-2 synthesis by Jurkat T cells that were co-cultured with HNSCC cells, which is consistent with an attenuation of PD-1/PD-L1 interactions. Future studies could be performed to confirm this immune-modulating effects of miR-375 in vivo using immune-competent mice. Additionally, since miR-375 could target JAK2 in gastric tumor, the effects of miR-375 on IFN-γ-induced PD-L1 expression should also be explored. Furthermore, previous research has shown that miR-375 suppresses the invasive properties of HNSCC (14) . miR-375 therefore has the potential to modulate HNSCC growth in an indirect or direct manner, indicating an important potential therapeutic target and providing a strong rationale for the development of miRNA-based therapeutic strategies for HNSCC.
